ABSTRACT: Gas-phase organoactinyl complexes possessing discrete An−C bonds (An = U, Np, Pu) were synthesized in a quadrupole ion trap by endothermic decarboxylation of [AnO 2 (O 2 C−R) 3 ]
■ INTRODUCTION
Although the first organouranium compounds were first mentioned in the literature as early as the mid-1800s, 1 organoactinide chemistry only took off in 1956 with the preparation of cyclopentadienyl compounds of uranium by Reynolds and Wilkinson. 1, 2 The synthesis, structure, and bonding of bis(cyclooctatetraenyl)uranium (uranocene) was first reported in a seminal paper by Streitwieser and MullerWesterhoff in 1968. 3 The focuses of the present work are the distinctive linear hexavalent actinyl ions [OAnO] 2+ (An = U, Np, Pu), which exist in solutions and as solids. Uranyl is particularly ubiquitous, with plutonyl being less common than Pu(IV) and neptunyl(VI) being rare relative to Np V O 2 + . 4, 5 In view of the particular importance of uranyl, the synthesis of organouranyl complexes has been a longstanding goal. Although the organometallic chemistry of the uranyl ion is relatively underdeveloped, significant success has recently been achieved in the formation of organometallic uranyl complexes, as well as other organouranium complexes containing uranium−carbon σ bonds. 6, 7 Among the reported organouranyl compounds are chelate complexes in which the U−C bond is stabilized by a superstructure involving interactions with other atoms in the ligand. 8−12 Hayton and co-workers prepared the first genuine uranyl(VI)−alkyl complex. 13 Ephritikhine and coworkers prepared the first cyclopentadienyl complex of uranyl 14 and subsequently also complexes containing U−C single and double bonds in chelate complexes. 10 Despite extensive studies of neptunyl and plutonyl chemistry, 5 to the best of our knowledge there have been no reports of neptunyl or plutonyl complexes containing actinide−carbon bonds. The central goal of the present work is to expand the chemistry of uranyl with discrete U−C bonds and, more distinctively, to prepare neptunyl and plutonyl complexes comprising discrete Np−C and Pu−C bonds. A further goal is to characterize these complexes experimentally, by studying their reactivity (hydrolysis) and infrared spectra, and computationally, by evaluating their geometries and bonding characteristics.
Decarboxylation reactions of condensed-phase metal carboxylates is a well-established method of synthesis of organometallic compounds. 15−17 Deacon and collaborators have synthesized and studied the structural and vibrational properties of uranyl pentafluorobenzoate and its coordination derivatives with 2,2′-bipyridyl, triphenylphosphine oxide, and triphenylarsine oxide. This report includes thermal decomposition studies of the same solution complexes, which however do not yield UO 2 (C 6 F 5 ) 2 derivatives by decarboxylation. 16 The formation of metal−carbon bonds can be induced in gas-phase ion complexes by collision-induced dissociation (CID) in an ion trap. 18−21 The following reaction was observed for the particular case of alkaline-earth-metal acetates (M = Mg, Ca, Sr, Ba): 19 − + CO 2 . O'Hair and co-workers have additionally produced and characterized a variety of other gas-phase complexes containing metal−carbon bonds by CID decarboxylation. 20,22−28 Although most of the metal−carbon bonds produced were for group 11 transition metals, their success in producing metal−carbon bonds for the highly electropositive alkaline-earth metals suggests that it should be feasible to similarly prepare actinyl complexes containing discrete actinide−carbon bonds by CID of carboxylate anion complexes, [AnO 2 (O 2 C−R) 3 ] − , where R is an organic radical (CH 3 in the case of acetate).
It has been long known that organoactinide complexes are unstable in aqueous solution and undergo rapid hydrolysis. 1, 4 O'Hair and co-workers have demonstrated that relative rates of hydrolysis of Mg−C bonds in gas-phase complexes reflect the inherent stabilities of the organomagnesium bonds, 26 suggesting gas-phase hydrolysis as an approach to similarly assess the susceptibility toward the hydrolysis of An−C bonds.
Reported here are the syntheses, by decarboxylation, of actinyl complexes with direct An−C bonds for An = U, Np, Pu. Gas-phase reactions with water were employed to evaluate the comparative susceptibilities of the An−C bonds toward hydrolysis for the three actinides as well as for different organic ligands. The observations, including variations in decarboxylation and hydrolysis efficiencies for different carboxylate ligands and differences between the three actinyls, have been elucidated by density functional theory (DFT) computations. The An−C bond properties were analyzed by quantum theory of atoms in molecules (QTAIM). Infrared multiphoton dissociation (IRMPD) of molecular ions has been shown to be a powerful technique to characterize organometallic ions in the gas phase. 29 IRMPD spectra were acquired for selected complexes to confirm the computed structures and bonding. 4 ; plutonyl, 0.14:1.4. The ESI mass spectrometry experiments were performed using an Agilent 6340 quadrupole ion trap mass spectrometer (QIT/MS) with MS n collisioninduced dissociation (CID) capabilities. Additionally, ions in the trap can undergo ion−molecule reactions for a fixed time at ∼300 K. 30 The source region of the QIT/MS is inside of a radiological-containment glovebox, as described in detail elsewhere. 31 In high-resolution mode, the instrument has a detection range of m/z 50−2200 and a resolution of m/z ∼0.3 fwhm measured at m/z 500 (i.e., a resolution of ∼1600). Mass spectra were acquired using the following instrumental parameters: solution flow rate, 60 μL min −1 ; nebulizer gas pressure, 12 psi; capillary voltage and current, −4000 V and 100 nA; end plate voltage offset and current, −500 V and 450 nA; dry gas flow rate, 3 L/ min; dry gas temperature, 325°C; capillary exit, −50.0 V; skimmer, −36.3 V; octopole 1 and 2 dc, −10.88 and −3.00 V; octopole RF amplitude, 190.0 V pp ; lens 1 and 2, −10.0 and 91.0 V; trap drive, 50.0. High-purity nitrogen gas for nebulization and drying in the ion transfer capillary was supplied from the boil-off of a liquid nitrogen Dewar. As has been discussed elsewhere, 32 the background water pressure in the ion trap is estimated as ∼10 −6 Torr; the reproducibility of hydration rates of UO 2 (OH) + 33 confirms that the background water pressure in the trap varies by less than ±50%. The helium buffer gas pressure in the trap is constant at ∼10 −4 Torr. The CID decarboxylation products [(R)AnO 2 (O 2 C−R) 2 ] − were isolated in the ion trap to study the kinetics of hydrolysis with background water. The linear decay of the logarithm of the reactant ion intensity as a function of time reveals pseudo-first-order kinetics, for which rates were determined from the slopes of the decay plots. 31 The measured kinetics were normalized to an arbitrary typical background water pressure by determining variations (<50%) in water pressure from the rate of hydration of UO 2 (OH) + . 33−35 Although the use of a background gas is generally not ideal for measuring ion−molecule reaction kinetics, the ability here to rather accurately (to within <10%) measure the relative water pressure for each experiment, and thereby normalize the measured kinetics, enables making reliable comparisons. Each reported rate is the average of at least three different experiments. Representative kinetics results are included in the Supporting Information.
■ EXPERIMENTAL SECTION
The IRMPD experiments were limited to uranyl complexes due to the much greater radiological hazards presented by neptunyl and plutonyl, which precludes gas-phase spectroscopic studies of the last two species at the Free Electron Laser for Infrared eXperiments (FELIX) laboratory. 36 The studied uranyl complexes were produced by ESI in a manner similar to that described above, and the IRMPD spectra were acquired using a QIT/MS instrument similar to that employed for the reactivity studies. CID of uranyl carboxylate complexes was performed as described above to obtain organouranyl complexes. Hydrolysis in the ion trap produced hydroxides for spectroscopic studies. The QIT/MS has been modified 37 such that the high-intensity tunable IR beam from FELIX can be directed into the ion packet, resulting in multiphoton dissociation that is appreciable only when the IR frequency is in resonance with an adequately high absorption vibrational mode of the particular mass-selected complex being studied. The FEL produces ∼5 μs long IR pulses with an energy of typically 40 mJ, which are in the form of a sequence of ∼1 ps long − decarboxylation energies as well as possible competitive reaction energies (i.e., ligand elimination) for R = CH 3 (methyl), CH 3 CC (1-propynyl), C 6 H 5 (phenyl), C 6 F 5 (pentafluorophenyl). Geometry optimizations and frequency calculations were initially performed using the local exchange and correlation functional (local density approximation, LDA) together with the small core Stuttgart−Dresden relativistic effective core potential (ECP60MWB) and the [8s7p6d4f] associated orbital basis sets for uranium (referred to as SDD in Gaussian09), 38, 39 whereas extended double-ζ (DZ) basis sets (6-31G*) were used for the rest of the atoms (LDA/DZ hereafter). Previous computational studies have shown that the local density functional and the SDD basis sets produce reliable optimized geometrical structures and frequencies for systems containing uranium. 40−42 Single-point calculations were performed on all the optimized isomers of each species using the B3LYP hybrid functional, 43, 44 the same basis sets for the actinide element (SDD), and the extended triple-ζ (TZ) basis sets 6-311++G** for the rest of the atoms (B3LYP/TZ//LDA/DZ hereafter). Calculations were performed using the NWCHEM 6.1 45 and Gaussian09 (rev. B.01) 46 codes. The lowest-energy isomers of each species were used to compute the reaction energies, which in all cases include the zeropoint energy corrections at 0 K (ΔE°). To further test the validity of the approach, the reactions involving the acetate ligand were reoptimized at the B3LYP/SDD(U):6-311++G** (B3LYP/TZ) level, and the new set of results was compared with the B3LYP/ TZ//LDA/DZ results. The reaction energies were not significantly affected by an increase in the quality of the basis sets or by the use of the B3LYP functional for the geometry optimization of the structures; the largest observed energy change was 7 kJ mol −1 . Therefore, the rest of the dissociation reaction energies involving uranyl were obtained at the B3LYP/TZ//LDA/DZ level of theory. In selected cases the computational study was extended to neptunyl and plutonyl, to analyze the trend of properties along the series from U to Np to Pu. In particular, the dissociation reactions were also computed for − indicates a greater departure in the obtained dissociation energies at the different levels (up to 31 kJ mol −1 ) with respect to the same comparison for uranyl.
The hydrolysis energetics of all the experimentally observed
− complexes were also computed. A goal of these computations was to provide insights into the susceptibility toward hydrolysis of the organoactinyl bonds and the relative rate trends observed experimentally along the uranyl/neptunyl/plutonyl series. Given the small changes in the hydrolysis energies on comparison of different actinides for a given ligand and the larger discrepancy found between B3LYP/TZ//LDA/DZ and the B3LYP/ TZ levels for the [PuO 2 (O 2 C−CH 3 ) 3 ]
− dissociation energies, only the more accurate B3LYP/TZ results are reported for the hydrolysis reactions. Although a thorough evaluation of the hydrolysis mechanisms is beyond the scope of this study, a preliminary analysis of the mechanism was obtained at the B3LYP/TZ level of theory for the smallest ligand (R = CH 3 ) and An = U, Np. The reported transition states have been checked by analysis of the vibrational mode involving an imaginary frequency and further confirmed using the intrinsic reaction mechanism approach (IRC). 47−49 QTAIM bonding analysis 50 was performed on the [AnO 2 (O 2 C− R) 3 ]
− parent complexes, as well as on all the studied decarboxylation and hydrolysis products. Appropriate wave function extended files (wfx) were obtained at the B3LYP/TZ level of theory using Gaussian09 (rev. B.01) 46 and analyzed using the AIMAll package. 3 CC, respectively; CID spectra for R = C 6 H 5 , C 6 F 5 are given in Figures S1 and S2 in the Supporting Information, and a summary of the CID results is given in Table 1 . Three possible CID pathways are given by eq 1 (decarboxylation), eq 2 (anion ligand loss), and eq 3 (neutral ligand loss). Due to the fixed low-mass cutoff of the QIT/MS (27% of the precursor ion − (eq 1) only for An = U; for all three An species, the dominant observed CID channel was neutral ligand loss to produce
− with reduction from An VI to An V (eq 3).
− is attributed to oxidation of U V to U VI by formation of a superoxide complex, as discussed previously (eq 4). − by reaction with background oxygen in the ion trap under essentially the same experimental conditions as were employed in the present work. 55 The 
(1)
(2) − ground-state (GS) structures have discrete An−C bonds. With these goals, geometry optimizations and frequency calculations were performed as indicated in Computational Details, and the reaction energies for the decarboxylation process (eq 1), as well as anion and neutral ligand loss (eqs 2 and 3, respectively), were computed for R = CH 3 , C 6 H 5 , C 6 F 5 , CH 3 CC and for An = U. Representative GS structures for R = CH 3 are shown in Figure 3 ; selected optimized geometrical parameters for the species involved in all the studied reactions are reported in Tables S1−S4 in − ground-state decarboxylation products are shown in Figure 4 , and the corresponding geometrical parameters are reported in Table S1 .
Considering − ground-state geometrical structures, R = CH 3 , C 6 H 5 , C 6 F 5 , CH 3 CC. Selected geometrical parameters are reported in Table S1 in the Supporting Information. − ligand (eq 2). The thermodynamic instability of neutral carboxyl radicals, which easily lose carbon dioxide to produce the corresponding alkyl radicals, is known; previous experimental studies have shown that this dissociation occurs. 57 The optimized geometrical parameters of the [An
− precursor ions are reported in Table S2 in the Supporting Information, together with the QTAIM properties of the An−O yl bond. The GS structures of these ions display equatorial coordination number 6 in the case of uranyl (shown for R = CH 3 in Figure 3) − cause an out-of-plane rotation of the C 6 F 5 rings of ca. 45°: i.e., they lie on a plane between the equatorial and axial planes. The total charge donation from the ligands to the central UO 2 unit is higher for R = CH 3 (0.813 e) and decreases in the order CH 3 > CH 3 CC > C 6 H 5 > C 6 F 5 (0.759 e). Substitution of the central uranyl for plutonyl for a given ligand produces in the two studied cases a small increase of ligand electron donation (Table S2 ). There is generally a good correlation between the ligand charge donation and the U−O yl bond length: higher charge donation induces elongation and weakening of the U−O yl bond, which is also manifested as decreasing uranyl vibrational frequencies. 59 Selected geometrical parameters of the decarboxylation products ( Figure  4 ) are reported in Table S1 in the Supporting Information. The C 6 H 5 ring in the GS structure is found to form hydrogen bond interactions with the two O yl atoms; a higher energy structure in which the C 6 H 5 ligand lies in the equatorial plane and forms hydrogen bonds with two neighboring [O 2 C−C 6 H 5 ]
− oxygen atoms was found to be only 2 kJ mol − GS structure were identified and are reported in Figure S4 in the Supporting Information for An = U. Isomers of the GS decarboxylation products not containing An−C were also considered; in all cases those structures corresponded to highenergy isomers (i.e., Figure S4 , last isomer). In particular, the possibility of a transfer of the decarboxylated R group to the O yl rather than to the An atom to form the An(IV) complex − isomer (B3LYP/TZ) was found to be 73 kJ mol −1 higher in energy than the organometallic GS isomer. As a consequence, this alternative decarboxylation mechanism was not further considered. The bonding properties of the decarboxylation products are discussed in detail below.
Decarboxylation: Comparison between Experiment and Theory. The energetics in Table 2 for the dissociation reactions of uranyl complexes shows that for all four ligands the decarboxylation reaction (eq 1) is the most favorable thermodynamically (least endothermic), followed by the elimination of an anion ligand, which produces a neutral [U VI O 2 (O 2 C−R) 2 ] complex (eq 2), with the process involving reduction of the U VI O 2 moiety (eq 3) being the most energetically unfavorable (degenerate in energy with eq 2 for R = CH 3 CC). For R = CH 3 , C 6 F 5 , CH 3 − are computed to be energetically similar, to within <30 kJ mol −1 , with the latter being slightly lower in energy. Anion ligand loss cannot be experimentally excluded, but it is apparent that neutral ligand loss is a significant channel despite the fact that it is energetically slightly less favorable. It may be that there is a barrier to anion ligand loss because the negative charge needs to be localized on a single ligand prior to elimination. For R = C 6 H 5 , anion ligand loss is computed to be much lower in energy, by 106 kJ mol
− anion is below the low-mass CID cutoff, it is possible to evaluate the contribution of anion ligand loss. When undetected anion loss is significant, the total ion intensity decreases upon CID to a greater extent than the decrease due to typical ion loss upon manipulation. The measured decrease in ion intensity was found to be relatively minor (see Figure S8 The decarboxylation process is expected to involve a kinetic barrier associated with ligand rearrangement necessary to enable the elimination of CO 2 . In contrast, neutral ligand elimination is not expected to have a significant barrier in excess of the net endothermicity. As remarked above, the results suggest that there may be a barrier to anion ligand loss. A comparison between different ligands ( (Figure 2 and Figure S2 in the Supporting Information) for these ligands. The other two studied decarboxylation reactions (R = CH 3 , C 6 H 5 ) have endothermicities comparable to one another (150 and 160 kJ mol −1 , respectively), which are considerably higher than the energies for R = CH 3 CC, C 6 F 5 . A similar ease of decarboxylation has been previously noted for the formation of organomagnesates: i.e., R = CH 3 CC (the easiest) in comparison to the more endothermic R = C 6 H 5 , CH 3 , which show comparable energetic requirements for decarboxylation. 21, 60 Despite the fact that for R = CH 3 , C 6 H 5 decarboxylation is lower in energy than neutral ligand loss (eq 3) by more than 100 kJ mol −1 , the overwhelmingly dominant pathway is the more endothermic ligand loss process, presumably due to energy barriers associated with CO 2 loss. On the basis of these results it appears that under these CID conditions decarboxylation must be endothermic by less than ca. 100 kJ mol −1 to appreciably compete with ligand loss. Threshold CID experiments were also performed to further test the relative ease of decarboxylation trends predicted by the 61 Although the instrument employed for the present studies is not wellsuited to quantify the CID energy parameter, it is possible to increase the nominal CID "voltage" and monitor the onset of fragmentation processes. Energy-dependent CID was performed on [UO 2 (O 2 C−R) 3 ]
− for R = CH 3 CC, CH 3 , with the results being shown in Figures S5 and S6 in the Supporting Information, respectively. These two complexes were selected to test the utility of the approach because they exhibited the greatest disparity in fixed relatively high energy decarboxylation yields (Table 1) , which reflect the large difference in computed decarboxylation energies (Table 2) . Furthermore, the masses (m/z) of these two complexes, 519 and 447, are sufficiently similar that excitation and trapping differences should be minimized for the same instrumental parameters. The threshold CID energy is defined here as the energy for which fragmentation becomes apparent and continuously increases for higher CID energies; it is not practical to employ a value such as 10% fragmentation because for R = CH 3 the decarboxylation channel never reaches this contribution due to overwhelmingly dominant ligand loss. When the nominal CID voltage was increased in 0.01 V increments, the decarboxylation onset was identified as 0.19 V for R = CH 3 CC and 0.24 V for R = CH 3 , both with a resolution of ±0.01 V. The results are in accord with the computed decarboxylation energies, 80 kJ mol −1 for R = CH 3 CC and 150 kJ mol −1 for R = CH 3 , but demonstrate the energy resolution limitations of this approach for these systems with this instrument: a difference in fragmentation energy of 70 kJ mol −1 results in a change in threshold nominal CID energy of only 0.05 ± 0.02 V. Comparison of the threshold energies for decarboxylation (eq 1) and reduction (eq 3) for R = CH 3 further reveals the limitation of this approach for these systems under these conditions. For R = CH 3, eq 3 is computed to be 113 kJ mol −1 more endothermic than eq 1, but it is the dominant CID pathway presumably due to kinetic barriers for decarboxylation. For R = CH 3 the CID threshold for eq 1 is 0.24 V and that for eq 3 is 0.23 V; the values are nearly identical to within the experimental resolution despite the large difference in exothermicity and the overwhelming dominance of eq 3 at higher energies. Unsurprisingly, the threshold CID energies appear to be determined by dissociation kinetics rather than thermodynamics for a process such as decarboxylation, which requires substantial rearrangement during fragmentation.
The [PuO 2 (O 2 C−R) 3 ] − decarboxylation processes (eq 1) that were studied computationally (for R = CH 3 , CH 3 CC) have reaction energetics significantly (ca. 30−60 kJ mol −1 ) lower than those of the uranyl analogues. Most notably, the neutral ligand losses that involve reduction of the metal center (eq 3) are much lower in energy for Pu and in the two studied cases are almost degenerate in energy with decarboxylation (within 13 kJ mol − ( Figure S4 in the Supporting Information) there are three low-lying organometallic isomers within 12 kJ mol − (An = Np, Pu).
The relative hydrolysis rates normalized to the same (unknown; ca. 10 −6 Torr) water pressure are summarized in Table 3 ; an example of the derivations of these rates is given in − is reported in Figure S7 in the Supporting Information. As the rates in Table 3 indicate, it is apparent that hydrolysis is most facile for An = U and least so for An = Pu. The results in Table 3 Figure S10 in the Supporting Information). The substantial differences in hydrolysis rates, for different An and for different organic ligands, suggest that gasphase hydrolysis of organoactinyls provides an indication as to the inherent stabilities of these complexes and specifically of the An−C bonds. The differences apparent in Table 3 are assessed below by computational evaluations of selected hydrolysis processes. − was sufficient such that the sequential hydrolysis given by eqs 6 and 7 could be studied. 
The results are shown in Figure S11 in the Supporting I n f o r m a t i o n a s t h e t i m e -d e p e n d e n t d e c a y o f [(C 6 F 5 ) 2 AnO 2 (O 2 C−C 6 F 5 )] − and simultaneous ingrowth of the first and second hydrolysis products; these abundance relationships are characteristic of two sequential reactions, eqs 6 and 7. The abundance of the second hydrolysis product begins to exceed that of the first at ca. 0.7 s for U, at ca. 1.5 s for Np, and at ca. Table 4 ; geometrical parameters of all the studied hydroxide products are included in Table S5 in the Supporting Information. All of the studied hydrolysis reactions are exothermic, with a general slight decrease in exothermicity upon going from the uranyl to the plutonyl complexes for the two computed ligands, which parallels the decrease in the hydrolysis reaction rates observed for R = C 6 F 5 , CH 3 CC upon going from U to Pu (Table 3) . For a given ligand the U−C bonds are most susceptible to hydrolysis and the Pu−C bonds the least, as assessed both by experimental results and by the computed energetics. For [(R)U(O 2 C−R) 2 ] − , the exothermicity of the hydrolysis reactions is highest for R = CH 3 , followed by C 6 H 5 , CH 3 CC, and C 6 F 5 . A comparison between these results and the measured hydrolysis rates shows a correlation between the exothermicity of the reaction in the series CH 3 , C 6 H 5 , and C 6 F 5 : the more exothermic, the faster the hydrolysis. However, the notably higher hydrolysis rates observed in the case of CH 3 CC cannot be explained on the basis of the computed reaction energetics. As observed for decarboxylation, it would seem that the CH 3 CC moiety enables a reaction mechanism that results in much more efficient hydrolysis than would be predicted on the basis of thermodynamics alone.
Although a complete analysis of the hydrolysis reaction mechanisms for the different ligands studied here is beyond the scope of this work, a preliminary study of the reaction mechanism for the relatively simple system comprised of acetate and methyl ligands bound to uranyl was performed. To assess the influence of the actinide atom, this study was extended to hydrolysis of [(
− was not observed experimentally, but is considered here solely to analyze the effect on the mechanism of the actinide center for the least computationally demanding example, the acetate ligand. The obtained results are illustrated in Figures 6 and 7 . A number of
− inner-and outer-sphere complexes close in energy and with equatorial coordination numbers between 4 and 6 were identified. The lowest-energy structure has a coordination number of 4 and contains an innersphere water and two monocoordinated acetate ions, which interact via hydrogen bonds with the water molecule located in a trans position with respect to the methyl ligand. The GS isomer is followed in energy (+14 kJ mol −1 ) by an isomer containing an outer-sphere water molecule with coordination number 5. The hydrolysis reaction mechanism involves the outer-sphere water−anion complex as the first intermediate (I), in which the water molecule interacts by hydrogen bonding with an O yl oxygen atom and with an acetate oxygen atom. The water addition is exothermic by ca. 40 kJ mol −1 , which is much less than the ca. 140 kJ mol −1 exothermic association of a water molecule with the metal center of cationic AnO 2 + to create a much stronger An x+ −OH 2 electrostatic bond. 33 The reaction proceeds via the formation of a transition state (TS) in which the water molecule is inserted into the inner sphere of the reaction complex, with one of the H atoms retaining a hydrogen bond with an acetate and the other interacting with the CH 3 ligand ( Figure 7) ; in this TS the An−O distance is essentially the same, ca. 62 the energies of the transition state, intermediate II, and products are all shifted to higher energy for neptunyl relative to uranyl, with the result that although the ratedetermining barrier is the TS, the relative rates correlate with the net reaction exothermicities. Although a similar mechanism and relationship between the TS barriers and the hydrolysis energy would be expected for similar ligands R, extrapolation to different types of ligands is not necessarily valid. This is particularly the case for the [O 2 C−CCCH 3 ] − ligand, for which a number of low-energy decarboxylation product isomers were identified ( Figure S4 in the Supporting Information). Alternative lower-energy pathways introduced by the accessibility of other structures could account for the more facile hydrolysis of the [(CH 3 CC)(AnO 2 )(O 2 C−CCCH 3 ) 2 ]
− complexes. The decreasing hydrolysis exothermicity, minor but consistent, from U to Np to Pu is intriguing. In essence, it is evidently more favorable to convert an An−C to an An−O(H) bond for An = U than for An = Pu, with the case of An = Np being intermediate.
IRMPD . A uniform scaling factor of 0.97 was applied to all harmonic B3LYP/TZ frequencies to account for mode anharmonicities. 63−65 The overall correspondence between calculated and experimental band positions is good; all observed bands in the IR spectra are assignable to bands predicted at the B3LYP level. In particular, the [(CH 3 CC)UO 2 (O 2 C−CCCH 3 ) 2 ]
− spectrum shows four distinctive bands: two intense bands at ca. 1420 and 1560 cm . It is worth mentioning that this frequency, as well as the CC bond distance (d CC = 1.225 Å), remains unchanged for the corresponding neptunyl and plutonyl isomers, which points out the highly ionic nature of the interaction between the actinyl ions and the CH 3 CC ligand (Table S3 in − hydrolysis product ( Figure S12 in the Supporting Information). In Figure 8 , in addition to the GS computed frequencies, the corresponding frequencies for a low-energy tetracoordinated isomer (at +15 kJ mol −1 , see Figure S4 in the Supporting Information) are shown; the presence of a peak at ca. 1680 cm −1 is characteristic of an asymmetric O−C−O stretching mode of a monodentate ligand. Variable denticities of carboxylate ligands to different metallic centers have been previously reported; 15, 66 uranyl complexes having variable denticity have been reported by Groenewold and collaborators. 67 The peak at ca. 2070 cm −1 reveals the presence of isomers containing a C atom involved in a triple bond and interacting with the metal atom, i.e. the CH 3 CC ligand present in the GS structure and in the tetracoordinated isomer at 15 kJ mol −1 , whereas the absence of peaks between 1950 and 2000 cm −1 indicates that the isomers at 11 and 12 kJ mol , which correspond to vibrations associated with the carboxylate ligands, are present in all the studied isomers.
A good correspondence between the observed and computed bands of the [(C 6 F 5 )UO 2 (O 2 C−C 6 F 5 ) 2 ]
− GS structure is evident in Figure 9 . The band at ca. 780 cm −1 is due to the CO 2 scissoring modes of the [O 2 C−C 6 F 5 ]
− ligands. The bands in the region of 900−1100 cm −1 correspond mostly to the benzene ring deformation modes; the asymmetric O−U−O stretching mode was computed to be at 937 cm − ligands. It is worthwhile to compare these frequencies with those reported by Deacon et al. for a series of dioxobis(pentafluorobenzoato) uranium(VI) complexes. 16 The asymmetric O−C−O stretching mode was 1562 cm −1 for UO 2 (O 2 C−C 6 F 5 ) and 1580−1558 cm −1 for UO 2 (O 2 C− C 6 F 5 )bpy (bpy = 2,2′-bipyridyl), whereas the asymmetric O− U−O stretching modes for the same complexes were determined to be 948 and 932 cm −1 , respectively. 16 The presence of a tetracoordinated isomer, which was computed to be 18 kJ mol −1 higher in energy than the GS, is not obvious in this spectrum. From a comparison of the observed and computed spectra for the precursor [UO 2 (O 2 C−C 6 F 5 ) 3 ]
− ion it is concluded that, in addition to the GS hexacoordinated ion, there is also present a pentacoordinated isomer ( Figure S13 − ions was investigated in the gas phase using quadrupole ion trap mass spectrometry for a series of carboxylate ligands and An = U, Np, Pu. Decarboxylation products [(R)AnO 2 (O 2 C−R) 2 − . This peak corresponds to a triple C C bond stretching mode characteristic of the computed lowestenergy organouranyl structure that comprises a U−CC− CH 3 bonding motif, thereby providing evidence for a discrete uranium−carbon bond.
The intrinsic stability of the organoactinyl bonds was investigated by measuring the relative hydrolysis rates across the series U, Np, and Pu. The hydrolysis rates generally diminish upon going from U to Pu, which parallels the computed decrease in exothermicity of hydrolysis from U to Pu. The hydrolysis mechanism was computed for the relatively tractable cases of [(CH 3 )AnO 2 (O 2 C−CH 3 ) 2 ]
− (An = U, Np). The mechanism was found to proceed by formation of an outer-sphere hydrate; the water molecule then inserts into the inner sphere concomitant with H atom transfer to the CH 3 group to produce the hydroxide and CH 4 . The transition state barrier for An = Np is higher than that for An = U, in accord with generally slower hydrolysis of the neptunyl complexes. The higher TS for An = Np correlates with a lower exothermicity, which indicates that conversion of an An−C to an An−O bond is less favorable for An = Np than for An = U and even less favorable for An = Pu. The results suggest that the stabilities of organoactinyls toward hydrolysis should increase across the series from uranyl to neptunyl to plutonyl. The chemical properties of the An−C bonds were further analyzed by QTAIM. The results suggest that the bonds are largely ionic, similar to the case for An−O(H) hydroxyl bonds, though with significant covalent character. − ground-state (GS) isomer. (bottom) Comparison with the computed spectrum for the tetracoordinated isomer, computed to be 15 kJ mol −1 higher in energy than the GS. The spectra indicate the presence of both the pentacoordinated GS and low-energy tetracoordinated isomer. Harmonic frequencies computed at the B3LYP/TZ method were scaled by a factor of 0.97 and convoluted with a 25 cm −1 Gaussian line shape function. The computed intensities were normalized to the most intense experimental peak. − GS isomer were computed at the B3LYP/TZ method, scaled by a factor of 0.97 and convoluted with a 25 cm −1 Gaussian line shape function (red). The computed intensities were normalized to the most intense experimental peak. The computed bands marked with an asterisk correspond to vibrational modes associated with the decarboxylated perfluorophenyl ligand. 
